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ABSTRACT 
This study is divided into two parts namely, the use of 
strain gages and photoelastic coatings to investigate dynamic 
fracture. 
In the first part use of electrical resistance strain 
gages to determine instantaneous stress intensity factors for 
running cracK is presented. Dynamic strain field equations 
are developed using the Westergaard's stress function 
approach. These equations are then analyzed to study the 
effect of various parameters li-Ke cracK velocity, distance 
from the cracK tip, etc. on the dynamic strain profile. 
Finally, a series of experiments was conducted with two 
different geometries on brittle birefringent polyester, 
Homalite 100 to determine dynamic stress intensity factors 
with strain gages. The K-values thus determined were compared 
with similar results obtained from the method of 
photoelasticity in transmission mode. 
In the second part of this thesis, mirror 1 iKe 
reflective photoelastic coatings were used to study dynamic 
fracture in brittle structural metals. Dynamic fracture 
experiments are conducted on heat-treated 4340 Steel and 
7075-T6 Aluminum with face grooved SEN specimen geometry. The 
mirror liKe reflective coating used in conjunction with 
ii 
focused light is the key to obtaining clear isochromatic 
fringe patterns. Instantaneous stress intensity factors, Krd' 
as a function of crack length are obtained independently from 
the method of photoelasticity and the method of strain gages 
and compared. 
iii 
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Chapter - 1 
IllTRODUCTIOR 
Experimental studies of dynamic fracture are mostly 
performed using optical methods. Dally (1) and Kobayashi 
(2) have extensively used the method of photoelasticity. 
'!'heocaris [3) 1 Kalthoff (4), Ravichander and Knauss [5) 1 
Rosal<is (6) have employed the method of caustics in the 
studies of dynamic fracture . These techniques usually 
require an expensive and elaborate high speed photographic 
system to photograph the stress fields associated with the 
running cracKs. The method of photoelasticity cannot be 
used directly in the study of opaque materials though 
indirect use of photoelasticity can be made by applying 
photoelastic coatings[?). The method of caustics can be 
used with opaque materials but it requires a highly 
PQlished reflecting surface on 
This quality of reflecting 
the model being studied. 
surface cannot be easily 
obtained with some opaque materials liKe ceramics and 
rocKs. In this study, a new method of strain gages has been 
developed and its application demonstrated. The method uses 
electrical resistance strain gages to record the dynamic 
strain profile associated with running cracKs. From this 
strain data 
' 
the fracture parameter Krd is evaluated. 
1 
The second part of this study photoelastic coatings have 
been used to investigate dynamic fracture in structural 
metals. Previous 1 y, Kobayashi and Dally[7] have used 
photoelastic coatings on structural steel. They have used 
the coatings under diffused light and employed Cordin Model 
33oA simultaneous streak and framing recording device. 
However, the images are small and the fringe patterns 
recorded fringe patterns recorded are not of good quality. 
In the present study Cranz Schardin camera has been used in 
reflection mode under focused light. Due to use of focused 
light use of high speed recording device has been 
elminated. Static image film has been employed as shown in 
Fig. 22 to record the isochromatic fringe pattern associated 
with the dynamic fracture event. 
Dynamic fracture in structural matals was also 
studied using method of strain gages. Series of experiments 
were performed using both the methods under similar 
condition. Instantaneous stress intensity factors were 
evaluated from both the techniques and compared. Results 
obtained from the two techniques show good agreement . 
2 
Chapter - 2 
CRACE: TIP STRESS FIELD AJIALYSIS 
The objective of the derivation of the stress field 
equations is to understand the assumptions under which the 
stress field equations hold for proper interpretation of 
the results obtained using them. 
Derivation of the Dynamic Stress Field Equations 
The analysis shall make use of Irwin's crack tip stress 
function (8) and shall assume plane strain (ez = 0). The 
leading edge of the crack will be taken as the positive x-
axis and the crack tip as the origin of the coordinate 
system, as shown in Fig. 1. 
For crack propagation in the x-direction and assuming 
that the stress field does not change with time with 
respect to the moving coordinate system, the following 
equations apply: 
a2u 2a2u 
= c =--
a2t ax2 
- - - ( 2. l ) 
a2v· 2a2v 
- = c -
a2t ax2 
--- (2. 2) 
Where u and v are the displacements in the x and y 
directions and c the crack velocity. 
Dynamic equilibrium conditions in the x and y directions 
3 
iead to the following results: 
aox a1'xy a2u a2u 
+ = p- = pc2-
ax . ay at2 ax2 
--- (2. 3) 
a1'xy a cry a2v a2v 
-
+ = p- = pc2-
ax ay at2 ax2 
--- (2. 4) 
where crx,cry and 'xy are the stress components and p the 
density of the body. 
Using Hooke's law in the form 
<Jx = 'All + 2µ.ex 
<Jy = 'All + 2µ.ey 
1'xy = IJ.Yxy 
( 2. 5) 
( 2. 6) 
( 2. 7) 
where µ.is the shear modulus and 'A the Lame's constant. 
We can rewrite the equations (2 . 3) and (2. 4) in terms of 
dilatation fl and rotation w, where 
6. au av :: - + 
ax ay 
av au 
w 
= 
ax ay 
Equations ( 2. 3) 
( >.+ 2 µ.) a.A _ µ.aw 
ax ay 
and ( 2. 4) 
2 a2u 
= pc --
ax2 
µ.aw + 0.+ 2 µ) at:i. = pc2a2v 
ax2 ax ay 
Noting that 
then 
-- - (2. 8) 
-- - ( 2. 9) 
take the following form, 
--- (2. 10) 
--- (2. 11) 
and 
a2 a a2y a2ti. Lc-Y. + -<- = 
ax ax2 ay ax2 ax2 
a a2v 
-(-) 
ax ax 2 
+ .L < a2u) = 
ay ax2 
we can derive the equations 
= pc2a2w 
ax2 
Equations (2. 14) and (2. 15) 
appearance in the following ways. 
substitute Y1 = >.1 y where 
,\ 1 2 
= 
1-(£_)2 
= 1 -
pc2 
c1 ). +2µ. 
). 2 2 
= 
1-(£_)2 
= 1 -
pc2 
c2 µ. 
The resulting pair of equations 
a2ti. a2ti. 
0 + - = ax2 ay12 
a2w a2w 
- + = 0 ax2 ay22 
--- (2. 12) 
--- (2. 13) 
--- (2. 14) 
--- (2. 15) 
can be simplified in 
In equation (2. 14)' we 
--- (2. 16) 
--- ( 2. 1 7) 
is 
--- (2. 18) 
-- - (2. 19) 
Clearly ti. is a harmonic function of x and >. 1y while w is 
a harmonic function of x and >.2Y· 
It can be shown there is no loss o~ generality for the 
5 
proposed problem (9) 
A = ( 1- A 1 2) A Rer 1 
w = ( 1 - A 2 2 ) B I mr 2 
i'f we assume 
(2 . 20) 
( 2. 21) 
rn addition it is helpful to recognize that the 
displacements can be divided into non rotational (u1, v1) 
and nondilatational (u2, v2) components. Thus u = u 1 +u2, v 
au1 av 1 (1-A12)A A = - + Ai- = Rer1 
ax ay1 
av1 
-
A1~1 = 0 
ax ay1 
Al so 
av2 au2 (1-A22)B w = - + A2- = rmr2 
ax ay2 
au2 
-
A2!!2 = 0 
ax ay2 
Comparing equations (2. 22) and (2. 23), we get 
U1 = ARe['f(z1)J 
V1 = -A1 A Im [£(z1)J 
Similarly 'from equations (2. 24) and (2. 25), 
U2 = -A2 B Re[f(z2)] 
V2 = B Im [f(z2)] 
Since the shear stress on the crack faces is 
6 
--- (2. 22) 
- - - ( 2. 2 3) 
--- (2. 24-) 
--- (2. 25) 
--- (2. 26) 
( 2. 27) 
. 
zero, •xy = o 
on y = o for x<O. Along this line f' (z 1 J = f' (z2 ) : f'(X). 
d that on y = O one fin s 
--- (2. 28) 
since Im[f' (x)) on y = O is not zero along the entire x 
axis, we must assume 
B = 
In order to determine A, consider next that 
f' ( z) = f Anzn-Ye 
n=O 
1 e r 1 = f A z 1 n-Ye 
· · n=O n 
--- (2. 29) 
--- (2. 30) 
Since au;ax and av;ay are proportional to Re[f' (x)) 
along y = 0, equation (2. 30) ensures Ox and cry = 0 when x 
is negative. When x is positive, cry is not zero. 
The constant A can be determined from the defining 
equation for the stress intensity factor, K. That is, for x 
very small and positive and y = 0 
<1y = --- (2. 31) 
From previous expressions 
A .1. ::. A ( 1 - A 1 2 ) A Ao/ .fx 
av 1 av 1 
2µ.-
= 2µ..l.1- = -2µ..l.t2A Ao/.fx 
ay ay1 
2µ.~2 av2 -2µ.~2A = 2µ..l.2- = Ao/.fx 
ay ay2 1+>.22 
7 
When the above relation are inserted into equation (2. 30), 
it is convenient to replace >. using the equation 
(A +2µ.) = (1->.22)µ. 
(1->.12) 
--- (2. 32) 
It is also convenient to assume K = Ao~ This can be 
done because all of the constant coefficients in equation 
(2. 30) must be adjusted to fit the boundary conditions . 
1 
ThUS A = 
1 
µ. 4J..1>.2 
[ - (1+>.22)] 
1+>.22 
--- (2. 33) 
The expression for crx,cry and ~xy are derived as follows: 
<Yx = J..f1. + 2µ. au 
ax 
= q1-J.. 1 2)A Rer 1 + 2µ.(A Rer1 - >. 2 B Rer2 ) --- c2. 34) 
We know from equation (2. 29) that 
and from equation (2. 32) that 
SUbstituting these in equation (2. 34) 
<Yx = µ.(2>. 1 2 ->. 2 2 -1)A Rer 1 
+ 2µ.(A Rer 1 - >. 2
4
"' A Rer2 1 
1+>.22 
8 
4)..1 "2 
Rer2 1 --- (2 . 35) 
1+>.22 
Similarly we can obtain 
4.k1A2 
= Aµ[-(1+A 2 2 )Rer 1 + Rer2 1 
1+Az2 
--- (2. 36) 
and --- (2. 37) 
where Aµ. : 
1 from equation ( 2. 33) 
and 
A second choice for the function r can be made in the form 
--- (2. 38) 
One can observe that on y:O and for any value of x, Y1 and 
Y2 have zero imaginary parts. Thus •xy = O on y:O. In order 
to have cry=O on the line segment occupied by the crack, it 
is necessary to require 
The resulting stress equations are 
Ox= Aµ((1+2A 1 2-A 2 2)ReY 1 - (1+X 2 2)ReY2 ] 
Oy = Aµ(i+A22) (ReY2 - ReYiJ 
ImY2 
T xy = Aµ [ ( 1+A2 2) 2 -- - 2 A 1 ImY il 
2A2 
( 2. 39) 
(2 . 40) 
( 2. 41) 
--- (2. 42) 
Aµ. in equations (2.40-2.42) can be obtained by using the 
boundary cond1' t1· on ~ 2B a x vx = 0 ox = o s on the positive 
9 
x-axis . so from equation (2.40), we get ox as x equal 
to Aµ[(1+2>- 12->-22)ReY1-(t+>-22)ReY2J where ReY 1 = ReY2 = B0 
from equation (2. 38) i . e . cr 0 x = 2Aµ(A12-A22JB 0 . Assuming 
that ox as r and a is a constant value of o 0 x = B0 , we 
get 
Since the above two series £unctions satisfy the boundary 
conditions 0£ the problem, the sum of the two should also 
satisfy the boundary conditions. 
So 1 [(1+2A12-A22)Rer1 - ORer2J 
[0-(1+A22)] 
+ 
1 [(1+2A12-A22)ReY1 - (1+A22)ReY2J --(2 . 43) 
(A12-A22) . 
----
1
--C-(1·+A 2 2)Rer 1 - ORer2 J [0-(1+A22)] 
+ (1+Az2) [ReY2 - ReY1J 
P1 2->-2 2 ) 
Txy = 1 ------2>. 1 (Imr2 - rmr 1 ) (0- ( 1+A22) ) 
+ 
1 [(1+>-22)2 -'-------~- ImY 2 - 2 A 1 ImY iJ 
(>-12-A22) 2>-2 
where 0 = 4>-1>-2/(i+>-22) 
From equations (2.43) and (2.44), we obtain 
2 
1 
------roRer2-c1+>- 12 >Rer 11 [0-(1+A22)) 
--- (2.44) 
--- (2.45) 
+ 
1 [(1+>. 22)ReY 2 -(t+>. 12)ReYiJ --- (2 . 46) (A12-A22) 
10 
The first three terms in each of the series Z and Y are 
as follows: 
rt = Aoz1-Ye + Atz1Ye + A2z11. 5 and (2. 47) 
r2 = A0 z 2 -Ye + A1z2Ye + A2z21. 5 (2. -48) 
Yt and Y2 can be expressed as 
Y1 = Bo + B1z1 + B2z12 (2.49) 
Y2 = Bo + B1z2 + B2z22 ( 2. 50) 
where A 0 {2ff = K, the stress intensity factor and remote 
stress cr 0 x = 2B 0 • 
and --- (2. 51) 
where Pt, P21 Q1 and Q2 are shown in Fig. 2. Substituting 
for z 1 and z2 in equations (2.47 to 2. 50) and separating 
the real and imaginary parts, we get 
Rer1 = AoP1-YecoS(Q1/2) + Atf"P1COS(Q1/2) + A2P1l.5cos(3Q1/2) 
Imr1 :: -A0 p1-Yesin(Q1/2) + A1f"P1sin(Q1/2) +A2P11. 5 sin(3Q1/2) 
Replacing z 1 by z 2 in the above equations 
Rer2 = A0 p2 -Yecos(9z/2) + A1.fp 2cos(qz/2) + AzP2 1· 5cos(39z/2) 
Imr2 = -A0 pz-Yes1n(Q2/2) + A1f"P2Sin(Q2/2) +A2P21. 5sin(3Q2/2) 
Similarly, 
ReY 1 :: Bo + B1P1COSQ1 + B2P12cos201 
ImY 1 :: B1P1sin01 + B2 p 12sin20 1 
ReY 2 :: Bo + B1P2COSQ2 + B2P2 2cos202 
ImY 2 :: B1P2sin02 + B2P22sin202 
I I 
From Fig. 2, it is evident that 
~1 = ArcTan[.>..1 tan0) 
~2 = ArcTan [ .>..2tan0) 
Pt = r[1-(1-.>.. 1 2)sin2e]Yr 
P2 = r[1-(1-.>..22)s1n201Yr 
where 
sustituting the expressions (2 . 52 to 2. 59) in eq. (2.45) and 
(2.46) and mal<ing use of equations (2. 60-2 . 63), we can 
obtain expression for (oy-ox)/2 and ~xy in terms of the 
series constants and the polar coordinates r and 0. 
I 2. 
Chapter - 3 
USE OF STR.AIH GAGES IH DYJIAHIC FRACTURE 
Although, Irwin [10] first suggested the use of 
strain gages to determine the stress intensity factor near 
the tip of the crack in 1957, 1 it t le progress has been made 
in implementing this suggestion. The primary reason for the 
delay in the development of a suitable method involves the 
finite size of the strain gage. Questions arise regarding 
the effects of the strain gradients on the gage output, the 
magnitude of the strains to be measured if the gage is 
placed in close proximity to the crack tip and the relative 
size of the strain gage compared to the size of the near 
fie 1 d region. 
Recently, Dally and Sanford [11] have demonstrated 
the use of strain gages in static fracture mechanics. To 
extend the use of strain gages to dynamic fracture firstly, 
dynamic strain field representation was needed, secondly, a 
relation was required to identify the instantaneous 
location of the running crack tip with respect to the 
strain gage so as to be able to compute the stress 
intensity factor from the strain field representation. The 
objective of this work is to extend the use of strain gages 
to dynamic fracture studies. 
Dynamic strain field equations were developed using 
13 
westergaard's stress function approach. These equations 
were then analyzed to look at thQ effect 0£ strain gage 
position and 
the dynamic 
properties, 
orientation with respect to the crack tip on 
strain pro-file. The ef-fect of material 
such as crack velocity, and the finite size of 
the strain gage on the strain profile is also investigate~ 
Finally, a series of experiments was conducted where strain 
gages were bonded at a predetermined distance and 
orientation from the crack propagation path and the strain 
profiles recorded. These strain profiles were used to 
compute the dynamic stress intensity factor as a function 
of the crack propagation distance. The results thus 
obtained were compared with similar results obtained using 
the method of photoelasticity (12). 
3. 1 DYNAMIC CRACK TIP STRAIN FIELD REPRESENTATION 
The dynamic stress field representation equations 
(2. 43 to 2.45) can be converted to strain field 
representation in a rotated coordinate system using Hooke's 
law and appropriate transformation laws. 
The rotated coordinate system associated with the 
strain gage is shown in Fig. 3. The strain field in the 
coordinate system, GxGyG• 1 ocated at an arbitrary point, 
G(x,y), Which is coincident with the strain gage grid 
center, and rotated at an angle a with respect to 
coordinate system, Xxy• can be determined from the complex 
14 
strain transformation equation 
(€yG-€xG) + YxGyG = (€yy-€xx+1Yxy)e2 i 0 
and the first strain invariant 
--- (3. 1) 
( 3. 2) 
Using Hool<e>s law along with eq. (3 . 1) and eq. (3 . 2), we get 
1 
2 e xG = E: [ C 1 - v ) C cry+ cr x ) - C 1 + v ) C cry- cr x } c o s 2 a 
+ 2(1+v)•xysin2a) --- (3. 3) 
substituting crx, cry, and •xy -from eq. (2. 43), eq. (2. 44) and 
eq. (2. 45) into eq. (3. 3) leads to 
4A1A2 
- Rer2<z2)cos2a - (l+A22)ReY2Cz2 )cos2a 
1+>.22 
- (1+A22)ReY 2 {z2 )cos2a 
+ 2A 1 (rmr2<z2)-rmr 1 cz 1 )-ImY 1 cz 1 ))sin2a 
(1+A 2)2 
+ 2 ImY 2 (z2)sin2a] 
2A22 
--- (3. 4) 
where Aµ. : 
4A 1 >.. 2 -(1+A 2 2)2 
Also the strain in the YG direction is given by 
€ yG = € xG ( a+ 9 0 · ) --- (3. 5) 
Setting n=O and m=O in eq. (2. 30) and eq. (2 . 38) and 
sustituting them in eq. (3. 4) yields a 
representation of the strain field 
15 
two parameter 
Aµ.•(i+v) {Ao[(~) (>..12_>-.22)P1-Yrcos(~1/2) 
: E 1+v 
4.k1.k2 
~~~-p2-Mcos(¢2/2)cos2a 
(1+.k22> 
+ 2.k 1sin2a(p 1 -%sin(~ 1 /2) - p 2 -Yrsin(¢ 2 /2))) 
2 2 1-v + B 0 [(A1 -.k2 )(t+v + cos2a))1 --- (3. 6) 
Inspection of eq. (3. 6) suggests that the contribution of B 0 
term can be set to zero if 
1-v 
cos2a = -< 1 +v> (3. 7) 
For a range of values of Poisson's ratio, v, the angles, 
a, which removes the contribution of B0 term are shown in 
Table 1. 
3. 2 EVALUATION OF CRACK TIP STRAIN FIELD EQUATIONS 
3.2(a) Effect of Strain Gage Orientation on the Strain 
Theoretical strain eaT is plotted in Fig. 5 as a 
function of crack tip position XL for several different 
strain gage orientations. Material properties of Homalite 
100, Table 2, a value of K = 1 MPa{m, and a/Gr = o. 33 are 
used in the generation of these plots. The strain profiles 
are Plotted for fixed height of 6 IIlln from the crack 
Propagation path. 
t 0 a = 5 9. 4 deg. 
In this plot, ~urves 2 and 8 correspond 
and a = 120. 6 deg. respectively, for which 
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the contribution of the second term B0 is zero. The plots 
show that the peal< value of the strain profile becomes 
sharper as the gage orientation angle a increases from 59.4 
deg. to 130 deg. Interesting 1 y, the peal< strain for a = 
120. 6 deg. occurs at xL = 0 i.e. when the crack tip is 
directly below the strain gage. Also, the peak strain for a 
120.6 deg. is 40 percent higher than the peak strain for 
a : 59. 4 deg. Thus in all the dynamic experiments the 
strain gages have been placed at a= 120.6 deg. 
Using peak strain, ( exG) P, from the dynamic st.rain 
profile leads to (0 = 21 = 22 = 90· and Pt = P2 = Y = H), 
where H is the height of the strain gage above the crack 
propagation path. Subs ti tu ting these values in eq. ( 3. 6) and 
using the relation between the instantaneos stress 
intensity factor K and coefficient of the first nonsingular 
term A0 given by, Krd = Aoi2V yields 
(€xG)p = K11 (Aµ) (1+v)H-~{ (1-v) (.~12->.22) 
2E (1+v) 
4 "1>-2 
+ cos2a[(1+>. 1 2) - ]} 
1+>.22 --- (3. 8) 
X:nowing peak strain from the strain profile, 
c, and measuring the gage 
orientation, a, and the gage height, H, provides necessary 
data to evaluate K 
3
· 2(b) Effect of the Height of Strain Gage on the Strain 
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using equation (3.6) and a = 120. 6 deg., 
tneoretical strain eGT is plotted in Fig.6 as a function of 
tne cracK tip position, xL, for various heights above the 
cracK propagation path. The plot shows that the strain 
increases in magnitude and its peak becomes well defined 
and sharper as the gage position is moved closer to the 
cracK propagation path. However, in actual practice as one 
comes closer to the cracK tip the strain field becomes 
nonlinear (14) . Thus in all the experiments the strain 
gages have been bonded at a distance equal to ha!f the 
plate thicKness plus half the gage grid length away from 
the cracK propagation path. 
3.2(c) Effect of CracK Speed on Strain Profile 
Again, using equation (3. 6), theoretical strain eGT 
is plotted in Fig. 7 as a function of the cracK tip 
position, xL, for different values of cracK velocity. The 
figure shows the strain magnitude increases with increasing 
Velocity. This effect is more pronounced as the velocity 
approaches the Raleigh wave velocity. 
3
·
3 AVERAGING EFFECTS DUE TO FINITE SIZE OF THE STRAIN GAGE 
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Since the strain gage has a £inite size it averages 
the strain over its grid size area. This average strain is 
not equal to the strain at the grid geometric center. The 
error due to this averaging effect is calculated by 
considering a strain gage with grid size (lXb) positioned 
at height, H, above the crack propagation path and oriented 
at an angle a = 120. 6 deg. Now the peak strain at the 
geometric center of the gage, (eGC)P, is calculated using 
equation (3. 6) with xL=O . To evaluate the average strain 
the strain gage grid is divided into a matrix of 100x100 
points and strain at each point is evaluated using equation 
(3.6) . From this the average peak strain (eGAV)P is 
computed. This strain is infact the peak strain recorded by 
the strain gage in an experiment . Since (eGAV)P, instead of 
(eGC)P is used for the evaluation of K-value, the error in 
peak strain is ((eGC)P-(eGAV)P)/(eaC)P. The results are 
presented in Fig. 8 which shows the percentage error due to 
averaging effect as a function of gage grid length for the 
gage grid aspect ratio, l/b = 1. The results are plotted 
for two different heights of the strain gage . The error is 
higher for strain gages closer to the crack propagation 
Path because of steep strain gradients . Also, the error 
increases as the gage size increases. For the size of 
strain gages used in this study this error is less than 0 . 5 
Percent. 
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3. 4 Validity 0£ Near Field Assumption - Comparison of 
Experimentally Obtained Strain Profiles with the 
Theoretically Generated Strain Profiles 
Since, single parameter dynamic strain field 
representation is being used, question arise wheather the 
strain gage is placed inside the singular term dominated 
zone or not . To verify this experiment was conducted with 
two strain gages on a SEN model cut out from Homalite 100 
sheet, one at orientation, a:90 deg and the other at 
a= 1 2 0. 6 deg. The strain gages were placed at a distance H 
equal to half the plate thicKness away from the crack 
propagation path. The position (r, 0) of the two strain 
gages was kept the same. The strain profiles obtained show 
strain as a function of time. The time axis was converted 
to crack tip position axis using the average cracl< 
velocity. Strain profiles thus obtained as a function of 
crack tip position are shown in Fig. 9. From the peal<. 
strain recorded by strain gage oriented at a=120. 6 deg, 
instantaneous stress intensity factor, K, was computed 
Using eq. ( 3. 8). For this value of K, theoretical strain 
Profiles where plotted £or a:90 deg and a:120. 6 deg using 
eq. (3. 6) . The theoretical strain profiles thus obtained are 
also shown · F. 9 in ig. . Comparing experimentally obtained 
strain profiles with the theoretically obtained profiles 
shows that the singular solution gives good match in a 
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of ±5 mm from the crack tip along the crack 
propagation direction. 
EXPERIMENTAL PROCEDURE, RESULTS AND DISCUSSION 3. 5 
The fracture specimen geometries used in this study 
are shown in Fig . 10 and 11. These model geometries were 
selected so as to collect data over a wide range of crack 
velocities. The SEH specimen, when t.est.ed with 
center-pin-loading, has an increasing stress intensity 
factor and can be used to study strain gage behavior with 
accelerating and high speed cracks. The DCB on the other 
hand is tested with constant displacement with 
crack-line-loading and it exhibits decreasing crack speed. 
The specimens were cut out of a 12. 7 mm thick sheet of 
brittle polyester birefringent material Homalite 100. 
Properties of Homalite 100 are tabulated in Table 2 . A 
notch was saw-cut into the specimen and t.he tip of this 
starter notch blunted so that the model could be loaded to 
the desired value of load before failure. Four strain gages 
were bonded on the model at. predetermined angle of 
orientation a:120. 6 deg and at a distance H=7 mm. Strain 
gages used were EA-13-031DE-350 acquired from 
Measurements Group), which have a grid size 0 . 79x0.81 mm 
ilnd electrical resistance 350 ohms. High resistance strain 
gages were chosen such heat generated at the gage gr i d is 
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S The strain gage circuit schematic is shown in Fig. 12. ies · 
The strain gages were connected to dynamic amplifiers with 
frequency response of 200 KHz, and there output was 
recorded on digital oscilloscopes every 500 ns. The 
oscilloscopes were set to trigger simultaneously at 50 
percent of the maximum expected strain value from the 
first strain gage, refer Fig. 10 with a pretrigger setting 
of 40 micro seconds. The specimen is then loaded to desired 
load value and the crack initiated by pulling a sharp knife 
across the tip of the blunted starter notch. 
Two experiments were performed with the SEN models. 
In the first experiment the crack was initiated at an 
initial load of 4. 21 KN whereas in the second experiment a 
higher load of 5. 88 KN was used. These loads were selected 
because photoelastic results from them were available from 
prior experiments (12]. Typical strain profiles as obtained 
from the first experiment are shown in Fig. 13. Since the 
peak of the strain profiles is directly proportional to the 
stress intensity factor, an increasing trend in K-value is 
anticipated, Knowing the gages were exactly at the same 
height above the crack propagation path. This is typical of 
the SEH geometry. Results from the strain gage experiments 
are compared with the photoelastic results in Fig. 14 and 
16. Strain gage values match well within experimental 
errors with photoelastic values. 
A series of two experiments was also performed with 
22 
the DCB model geometry. One experiment was done with four 
strain gages bonded along the cracK propagation path 
was performed using the method 0£ •hereas the other 
photoe 1 astici ty. In both the experiments the cracK opening 
displacement was Kept the same. The results £or the two 
experiments are shown in Fig. 16. Both the experiments show 
a decreasing trend in the K-values a property of the wedge 
loaded DCB geometry. 
results is good. · 
3. 6 SUMMARY 
Again the match between the two 
This study illustrates the successful use 0£ strain 
gages in the study 0£ dynamic fracture. The results 
indicate that a strain gage with proper orientation could 
be used to provide strain data necessary for the 
computation of instantaneous stress intensity factor from 
the two parameter dynamic strain -field equations . In this 
study only the peaK value of strain profile was used in the 
computation of K-value. However, it should be mentioned 
that the strain profile from a single gage could be used to 
get K values for several cracK tip positions provided the 
strain gage £or all these positions stays in the 
5 ingu1 ari ty dominated zone . It must al so be mentioned that 
the velocity of the cracK in the computations of ~. from 
the stra1· n gage data, were previously obtained from 
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photoelastic results . If strain gages themselves have to be 
used for velocity determination also, then several strain 
gages must be used in the experiments. With four gages in 
the present experiments only average velocities could be 
determined. The results from strain gages and photoelastic 
experiments showed good agreement . 
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Chapter - 4 
IllVESTIGATIOI OF DYllAHIC FRACTURE USIRG 
PHOTOELASTIC COATIRGS 
Fracture study of metals in the laboratory is 
important in predicting and preventing failure of machines 
and structures. In the domain of linear elastic fracture 
mechanics the behavior of a crack is primarily governed by 
the stress intensity factor defining the stress field near 
the crack tip. It is currently believed that an existing 
crack becomes unstable and propagates when the existing 
stress intensity factor exceeds the Kic value. Also a 
dynamically growing crack will be arrested if the 
instantaneous dynamic stress intensity factor Krd is less 
than the dynamic crack arrest stress intensity factor Kia· 
If the fracture initiation resistance of the material were 
always to increase with loading rate and if crack 
propagation resistance were independent of crack tip speed, 
then quasi-static tests could be used to establish complete 
design criteria. This is not the case, however, for most 
structural materials and it is thus necessary to perform 
dynamic fracture experiments for proper characterization of 
the materials. In finite bodies the problem becomes 
analytically more difficult because of the boundary 
reflected stress waves transmitting information about the 
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cnanging boundary conditions to the crack tip, and direct 
experimental observations are necessary 
understanding of the dynamic fracture process . 
for complete 
There are many methods now available to an 
experimentalist for evaluating the stress intensity factor 
for a dynamically moving crack. These methods include both 
optical and non-optical techniques. Among the optical 
methods are method of caustics and the method o'f 
photoe 1 ast ici ty. The method of caustics, developed by 
Kanogg[15) is in current use by many researchers[16 1 17, 18) . 
This technique gives the first term o'f the series 1 
representing the stress 'field which is related to the 
stress intensity 'factor. The great advantage of the method 
over other experimental techniques is that it provides a 
direct measure of the crack tip field and the corresponding 
crack speed without concern of the geometry of the 
specimen, the boundry conditions, or the complex stress 
wave pattern in the bulk of the specimen. 
The method of photoelasticity has been used for 
almost 20 years by many investigators[19, 20, 21) and over 
the years many improvements have been incorporated in the 
analysis technique to allow full field evaluation of the 
stresses around the crack tip[8). Kobayashi and Dally[7) 
have demonstrated the successful use o'f photoelastic 
coatings on steel. However, the coatings employed by them 
are applicable only under diffused light and the resolution 
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of the photographs obtained is not very good. 
4. 1 REVIEW OF RELATED RESEARCH ON PHOTOELASTIC COATINGS 
The concept of birefringent coatings was first 
introduced by Mesnager (25) 
was examined by Oppel (26] 
in France in 1930. The method 
in Germany in 1937. Early 
efforts were not successful due to lacK of suitable 
adhesives, the low sensitivity of available polymers, and 
the reinforcing effects. When epoxy became avilable, in the 
early 1950s, 
alleviated. 
the bonding and sensitivity problems were 
Significant development of the method in the 
area of materials and technique were made by Fleury and 
Zandman (27) in France in 1954 and later by D'Agostino, 
Drucker, Liu, and Mylonas (28) in the United States and by 
Iawata [29) in Japan. 
In previous investigations (30, 31] a continuous sheet of 
birefringent coating material was used over the specimen 
surface and this procedure caused uncertainnity as to 
whether the observed response in the coating is dominated 
by the fracture of the base material or by the fracture of 
the coating itself [ 32]. A split birefringent coating 
technique a separate sheet of birefringent coating on 
either Side of the anticipated crack path - was developed 
by Kobayashi and Dally (7) which alleviates problems 
encountered by previous researchers. They used diffused 
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light and rotating drum type camera to determine stress 
intensity factors. However, the resolution of the 
photographs obtained from using diffused light was not very 
good. 
In this study the method of split birefringent coatings 
has been used to study dynamic fracture of structural 
metals 4340 steel and 7075-T6 aluminum. Face grooves are 
made on the specimens to guide the crack and to ensure 
failure in tension mode. Previously researchers (7, 32] have 
used diffused light to record the fringe pattern in the 
coatings. These coatings have a reflective paint on their 
bacl<. surface, which when used in focused light, due to 
front surface reflection being more intense than the 
reflection from the bacK surface, do not yield sharp fringe 
pattern. This problem was faced in this study and was also 
reported by Kawatta et al[33). Therefore, in the present 
study vacuum deposited aluminum coating on the bacl<. surface 
of the polycarbonate sheet (PS-1) have been used as 
Photoelastic coatings under focused light. Fringe patterns 
associated with the running cracl<. have been obtained using 
Cranz Schardin camera in reflection mode. Instantaneous 
stress intensity factors have been obtained by the the 
methods of strain gages and photoelastic coatings and 
compared. K-values obtained from the two methods compare 
we11 Within experimental error. 
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4. 2 .ANALYSIS PROCEDURE 
PHOTOELASTIC ANALYSIS : The method of photoelasticity 
is based on the stress-optic law[19] which relates the 
birefringent material properties and isochromatic fringe 
order to the stress field components as: 
----- (4. 1) 
where : 
cr1 & cr2 are the inplane principal stresses 
Tm is the maximum inplane shear stress 
H is the fringe order 
fa is the material fringe value 
h is the length of the optical path through 
the birefringent material. 
Stress optic law can be combined with the dynamic 
stress field equations (2. 43-2.45) to relate the fringe 
order, H, at any point in an isochromatic £ield with the 
unknown real coefficients, An and Bm, through the equation 
(Nfa/2h) l = T l m ---- (4 . 2) 
The equation is then solved using the multiple point 
overdeterministic method suggested by Sanford and Dally 
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[22). 
The number of coefficients in the series of eq. s 
(2. 3o) and (2. 38) necessary for an adequate representation 
of the stress field over the data acquisition region is 
decided by examining the average fringe order error, the 
values of leading coefficients and the reconstructed fringe 
patterns corresponding to a given set of coefficients [34). 
The leading coefficient, A 0 , in eq. (2. 30) is 
related to the stress intensity factor in the birefringent 
coating, K1dc by the relation : 
---- (4. 3) 
Assuming that the coating strains are equal to the 
specimen strains and that there is a negligible strain 
gradient through the coating thickness, it can be shown 
that stress intensity factor in steel, K1d.S• is related to 
the stress intensity factor in the coating, K1d.C• 
relation (35) 
by the 
--- (4. 4) 
where 
E is the modulus of elasticity 
v is the Poisson's ratio 
superscripts c and S refer to steel and 
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coating respectively 
To account for the effect of face groove on Krd-value a 
relation given by Kobayashi and Dally (7) is used 
---- (4. 5) 
where 
F : .[ ( B/Bs:) 
B is the specimen thickness 
BH is the net thickness 
G superscript identifying the K associated with 
grooved specimen 
Since EC;ES ::: o. 013 and EC/EA ::: 0 . 005 the reinforcing 
effect is negligible . Therefore, reinforcing effect of the 
coating will be neglected in our calculations. 
Substituting Eq. (4 . 3) and Eq. (4. 4) in Eq. (4. 5) yields 
the final expression for the dynamic fracture toughness, 
<~rdS)G of steel as 
---- (4. 6) 
Siimplifying the notations, (KrdS)G will be denoted by 
Ird in further references. 
Similarly, for aluminum 
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- - - - ( 4. 7) 
f!.CE-GROOVES EFFECT 
In order to control the crack path and to avoid 
failure in shear of the metal specimens, face grooves were 
made on the specimen with the included angle of 45 deg . The 
depth at the groove center to the nominal thickness of the 
specimen ratio, was kept o. 75. A series of 
experiments were conducted on Homalite 100 to study the 
face groove affected zone. This was of importance since 
strain gages are to be placed outside this groove 
influenced zone. The specimen geometry used for these 
experiments is shown in Fig. 17 . Five strips each having ten 
strain gages were placed on the model. The band saw cut 
notch was gradually extended in finite steps, the specimen 
was loaded to a predetermined K-value, and strain data from 
all the strain gages recorded for several crack length to 
Width ratio, a/W. Typical profiles of experimentally 
obtained strain per unit applied load as a function of 
height above crack line for varying locations of the strain 
lage are shown in Fig. 18a,b,c. 
The theoretical strain profiles, eT, are obtained using 
single parameter static strain field representation given 
by Dally and Sanford (11) 
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2µeT = Ar-~[kcos(0/2) 
-(Ytsin9sin(30/2)cos(2a) 
+ Ytsin0cos(30/2)sin(2a)] - - - ( 4. 8) 
where 
l<. = (1-v)/(i+v) 
and the coefficient A is given by the relation 
A = Krs/(2~ where Krs is the stress intensity 
factor associated with the stationary crack, given by the 
standard relation for an edge crack problem as 
rrs = cr00f~a * f(a/W) * F --- (4. 9) 
where 
Gm is the far field stress 
a is the crack length 
W is the specimen width 
f(a/W) is the back surface correction factor (38) 
F is the correction factor for the groove 
F : f (B/BN) as defined in eq. ( 4. 5) 
Using the location of the strain gage with respect 
to the crack tip, r, and 
theoretical strain, eT, can 
Theoretical strain profiles 
it's orientation, a, the 
be evaluated from eq. (4. 8). 
thus evaluated are shown in 
solid line in Figures 18a,b,c. 
It can be concluded from Figures 18a,b,c that for 
grooves with thickness at the groove center to thickness of 
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the specimen ratio. Bff/B equal to O. 75. the in£luence of 
the groove dies out at distances larger than two third the 
plate thicKness. It is assumed that this result will hold 
good for dynamic fracture also. Hence 1 the data acquisition 
region for face groove specimens is Kept outside 2/3rd the 
plate thicKness in both the photoelastic and strain gage 
experiments . 
STRAIN GAGE ANALYSIS 
Table 1 shows the angles, a, which removes the 
contribution of B0 term for 4340 steel which has a 
Poisson's ratio, v, 0£ o. 3 is 118. 7 deg. and for 7075 
aluminum v= 1/3 , it is 120. 0 deg . Accordingly, the strain 
gages were placed at orientation angle, a, equal to 118. 7 
deg. and 120 deg . on steel and aluminum specimens 
re spec ti ve l y . 
Theoretical strain at orientation, a= 118. 7 deg. for 
steel, eas, and a=120 deg . for aluminum, e~, evaluated 
using eq. ( 3. 6) are plotted as a function of the cracK tip 
Position. xL, in Fig. 19. The plots show that the peaK 
strain for these orientations for steel and aluminum occur 
When the cracK tip is right below the strain gage, i.e ., XL 
is equal to zero . Assuring , that the strain gage grid lies 
ins · d 1 e the Kid dominated zone, Kid can be evaluated from 
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the peaK strain recorded by a strain gage knowing that the 
cracK tip is located right below the strain gage grid at 
that instant. 
Knowing peak strain from the strain profile, 
c, and measuring the gage 
orientation, a, and the gage height, H, provides necessary 
data to evaluate K1d from equation (3.8). 
To account for the face grooves Kid-value is 
multiplied by the factor Fas given in eq. (11), i.e. 
(K1d) G = Krd * F 
where F = ~(B;BN) 
4. 3 EXPERIMENTAL PROCEDURE, RESULTS AND DISCUSSION 
Dynamic experiments were conducted on heat-treated 
4340-steel and 7075-T6 aluminum specimens using both the 
techniques. The single edge notch model geometry were used. 
The dimensions of the specimen used for steel and aluminum 
are shown in Fig. 20 and Fig.21 respectively. Steel 
specimens were machined out of 1/4" thick hot-rolled 4340-
steel. They were given the following heat-treatment: 20 
min. at 1550·F, oil quenched to 150·F, air cooled to room 
tempered at 650·F for 1% hr followed by temperature, and 
straightening on a screw press and sand blasting. The 
hardness thus achieved was close to Rc49. The initial crack 
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was a vertical mill cut sharpened by a broaching tool, with 
cracK length to width ratio of 0.25. Aluminum specimens 
were cut out from 1/4" thick 7075-T6 aluminum sheet. The 
initial crack was a band saw cut with crack length to width 
ratio of O. 25. In order to control the crack path and to 
avoid failure in shear, face grooves were made on the 
specimens with the included angle of 45 deg. The depth at 
the groove center to the nominal thickness of the specimen 
ratio, BN/B, was kept O. 75. Four strain gages were mounted 
on each model. Details of the experiments conducted with 
photoelastic coatings and strain gages are given below. 
PHOTOELASTIC EXPERIMENTS The schematic of the 
experimental set up used for steel as well as aluminum 
models is shown in Fig. 22. The high speed recording system 
employed was a Cranz Schardin camera in reflection mode, 
which has twenty light sources in a matrix of 4 X 5 and has 
the capability of ta.king twenty frames at a speed of upto 
one million frames per second. Focused light was used to 
record these twenty di£ferent -frames, each of size 2" X 2", 
on a static 8" x 10" -film. Light field polariscope 
arrangement was used with the same polarizer and quarter 
wave Plate being used in the incident light path as well as 
the reflected light path. To -focus the diverging light 
after reflection from the coating, a concave mirror 
(diameter equal to 12") of 'focal length 100" was employed. 
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The coating used was 0 . 087±.002 inch thicK sheet of 
(PS-1 1 >, With a mirror like reflective 
bacKing made by vacuum deposition of #801 UV Aluminum2, on 
the bacK surface. The reflective bacKing has an average 
reflectance greater than 87 percent in the 200-700nm light 
band. The coating was mounted on the specimen with PC-1 
cement1 and cured at room temperature for 12 hours. This 
provided adhesion required for the transmission of shear 
stresses from the steel surface to the coating. Electricity 
powered hydraulic pump and hydraulic cylinder were employed 
to load the model. Since focused light was being used and 
the optical path was long (52'), slight change in the angle 
of incidence on the model, of the order of 0. 2 deg., due to 
resetting of the model under loading, lead to deflection of 
the image by 2" . Therefore, the model was loaded in two 
steps, in the first step it was loaded to 60 percent of the 
expected fracture load and optical arrangement adjusted to 
account for any tilt in the model due to loading, in the 
second step the load was gradually increased until the 
model fractured. In the photoelastic experiments on steel 
the cracK started moving at a load of 119 KN. As the cracK 
started moving it initiated delay generater circuit which 
in turn initiated the pulsing circuit of the sparK gaps. As 
1 
2 
Photoelastic Diviision, Measurements Group, 
Raleigh, North Carolina. 
Evaporated Coatings Inc., 798 
Huntingdon Valley, PA 19006. 
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Welsh Rd., 
the sparKs tooK place the photodiode picked up the light 
intensity. The output of the photodiode was recorded on the 
oscilloscope as a function of time. Isochromatic fringe 
patterns of blue light (A = 492 run) were obtained from the 
white sparK light by employing proper light filters in the 
light path as shown in Fig. 23. Fig.24 and Fig. 25 show 
typical fringe patterns obtained from steel and aluminum 
models respectively. The crack tip location in these 
pictures is given by the point were the fringe loops close. 
The forward lean of the fringe loops shows the presense of 
the stress parallel to the cracK propagation path. This 
means thath atleast a two parameter model is required to 
analyse these fringe loops. The increasing number of 
fringes as the crack propagates show an increasing stress 
intensity around the crack tip. In the fringe patterns 
obtained from aluminum models, the effect of the 
approachin~ front bound.ry can be clearly seen. 
The crack length to width ratio, a/W, as a function of 
time is plotted in Fig. 24 for the steel model. From the 
slope of the straight line the average crack velocity 
observed is 630 m/s. Post mortem analysis of the model 
confirmed that the specimen failed in brittle fracture with 
the crack faces perpendicular to the model faces and marked 
With shallow ridges along the model width. No indication of 
crack front curving in the specimen thickness direction was 
found. Dynamic fracture toughness, obtained are 
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plotted as a function of crack length to width ratio in 
Fig. 26 . The curve shows an increasing trend as expected for 
from a single edge notch geometry. Superimposed on the 
increasing Krd-values are two spikes A and B appearing at 
45 and 75 micro seconds respectively. Simple calculations 
show that these sharp rise in Krd-values can be attributed 
to the unloading waves reflected from the loading pins 
which originate at the crack tip at crack initiation. These 
waves comprise of p-wave and s-wave. The p-wave has a 
compressive front which becomes a tensile front after 
reflection from the free boundary of the loading pin hole. 
This tensile wave front is expected at 45 micro seconds 
after the crack initiation which is coincident with the 
spike A. The s-wave is expected back as a pressure wave at 
70 micro seconds after crack initiation which corresponds 
closely with the spike B seen at 75 micro seconds . The 
effect of the interaction of reflected unloading waves with 
the crack tip motion could not be seen in full detail due 
to lack of data points on the crack velocity curve Fig. 26, 
though sharp increase in crack velocity can be observed at 
45 IJ.S and at 70 µ.s. Such a phenomenon has been ear-lier 
reported by Freund [36], and Rosakis [37] where the authors 
have used MCT specimen geometry and method of caustics for 
investigation. 
In the photoelastic experiments on 7075-T6 aluminum 
the crack started moving at a load of 84 kN. The crack 
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average velocity obtained was 1075 m/s. The crack length to 
width ratio, a/W, as a function of time is shown in Fig. 28. 
oynamic fracture toughness, obtained from these 
experiments is plotted as a function of crack length to 
width ratio, a/W in Fig. 29 . Again an increasing trend in 
is observed as expected: Superimposed on this 
increasing Krd-value is spike A. Simple calculations show 
that reflected P-wave can be expected at 48 micro seconds 
and the reflected s-wave at 101 micro seconds after the 
crack initiation. Spike A in Xrd-value, obtained at 52 
micro seconds after crack initiation is there-fore 
attributed to the reflected unloading p-wave . Since the 
model was narrow the reflected s-wave could not come back 
by the time the model fractured completely. Due to lack of 
a frame at 48 micro seconds the effect of p-wave on Krd-
value could not be captured in full intensity. 
Since the polycarbonate coating (PS-1) has a strain 
limit of 10 percent, wh1ch is higher than the strain limit 
of the steel as well as the aluminum, a rough estimate of 
the plastic zone width in fractured steel and aluminum 
specimens could be made by observing the residual stresses 
in the coatings upon fracture. On observation of the 
fractured models half order fringe was found along the 
crack propagation path. The width of the residual stress 
zone to specimen thicKness ratio was o. 65 and o. 75 in steel 
and aluminum specimens, respectively. Data acquisition zone 
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in pnotoelastic experiments and the strain gage location in 
strain gage experiments were kept outside this zone. 
STRAIN GAGE EXPERIMENTS : The strain gage circuit schematic 
iS shown in Fig. 11. Four strain gages were mounted on each 
mode 1 as shown in Fig. 30 and Fig. 31. Strain gages were 
connected to dynamic amplifiers with frequency response of 
200 KHz, and the output was recorded on a digital 
oscilloscope every 500 ns. Oscilloscopes were set to 
trigger simultaneously at 50 percent of the maximum 
expected strain value and on the positive slope of the 
strain profile from the first strain gage with a pretrigger 
setting of 100 micro seconds. Gages used in this work were 
EA-13-031DE-350 from Micro-measurements Group. These strain 
gages have a grid size of O. 79 X O. 81 mm?. The averaging 
effect on strain of the strain gage grid is less than o. 5 
percent [ 18]. The model was gradually loaded until the 
crack initiated. The load recorded by the load cell at 
initiation was 126 kN and 83.8 kN for steel and aluminum 
specimen respectively. Typical strain profiles obtained 
from an aluminum specimen are shown in Fig. 32. The crack 
tip locations corresponding to the peak strains were taken 
to be right below the strain gage i.e., a = 90 deg. [18]. 
Instantaneous stress intensity factor were calculated from 
the Peak strain using eq. (3. 8). The results obtained are 
shown in Fig. 27 and Fig. 29 for steel and aluminum 
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respectively, together with the results obtained from the 
inetnod of photoelasticity. It can be seen the Krd.-values 
obtained using strain gages are in good agreement with the 
values obtained from the photoelastic coatings. 
" SUMMARY 4. 'T 
This study illustrates the successful use of method 
strain gages and split photoelastic coating on 4340 steel 
and 7075-T6 aluminum. Use of mirror like coating, made by 
vacuum deposition of aluminum on the bacK surface of 
polycarbonate sheet (PS-1) yie 1 ded clear isochromatic 
fringe pattern with focused light. The problem encountered 
with focused light was resetting of the model while loading 
which cal led for readjustment and checking of the optical 
path. It should be pointed out that this problem was 
aggravated due to the long optical path. To shorten the 
optical path a condenser lens or shorter focal length 
mirror can be employed. The instantaneous stress intensity 
factor value was found to be greatly affected by the 
reflected unloading waves generated at crack initiation. 
The results from strain gages and the photoelastic coatings 
showed good agreement . 
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Chapter - 5 
CORCLUSIOR 
This thesis presents an analytical and experimental 
study of dynamic fracture in brittle polyester material 
Homal i te 100, and structural metals 4340 steel and 7075-T6 
aluminum. Method of strain gages and photoelastic coatings 
are employed to measure the intensity of crack tip strain 
and stress fields . It can be concluded that 
1. The present investigation extends the use of 
resistance gages to dynamic fracture which was so far 
limited to static fracture studies . It was shown that due 
to the small size of the strain gages the averaging effect 
over the gage grid area under steep strain gradients in 
vicinity of the crack tip are negligible. With proper 
orientation and location of the strain gages at least two 
Parameter dynamic strain field equation can be solved for 
the computation of instantaneous stress intensity factor K. 
2. Results obtained from the method of 
method of photoelasticity ( coatings 
strain gages 
were in good 
agreement when the methods were applied to £racture study 
on b · t 
ri tle materials viz. Homalite 100, heat-treated 4340 
steel (Rc:49) and 7075-T6 aluminum. 
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3. Mirror liKe reflective coating is the Key to 
obtaining clear isochromatic fringe patterns under focused 
light. These coatings were successfully employed on 
structural steel and aluminum for the evaluation of 
instantaneous stress intensity factor K. 
4. The influence of the face groove with included 
angle 90 deg. and net thickness 
thickness of the model ratio, BH/B 
at the groove to the 
equal to O. 75 dies out 
at distances 2/3rd the model thickness. 
FUTURE WOIU: 
The applicability of the method of strain gages in 
dynamic fracture was successfully demonstrated, also 
suitable photoelastic coatings were used in conjunction 
with focused light . These methods have their advantages 
specially when applied to opaque materials . As an extension 
of the present study some suggestion are as follows . 
t. Use of t.he met.hod of strain gages for dynamic 
stress intensity evaluation of materials like ceramics and 
rocks. This method has an edge over phot.oelastic coatings 
method when applied t.o these materials since they have high 
crack velocities and small strains associated with t.he 
running crack t.ip. Both these fact.ors lead to increase in 
coating thickness thereby decreasing it.s frequency response 
which is critical in the interpretation of the recorded 
fringe patterns. Also the method of caustics can not be 
used since highly reflective specimen surface can not be 
obtained on these materials. 
2. J - integral can be evaluated 
materials using photoelastic coatings 
strain gages. 
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for elastic plastic 
and the method of 
3. a-K curve can be obtained for different materials 
using photoelastic coatings and the method of strain gages . 
It must be pointed out that the method of strain gages will 
need many strain gages on the model for accurate crack 
velocity measurements. 
4. coefficient of higher order terms in the series 
representation of strain can be evaluated using the method 
of strain gages by mounting more than one strain gage . At 
least one strain gage should be at an angle alpha for which 
the contribution OY the second term goes to zero. This gage 
will identify the crack tip position. A set of simultaneous 
equations will be obtained to be solved for the evaluation 
of the coefficients in the series. 
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APPLICATION OF PHOTOELASTICITY TO THE DYNAMIC EQUATIONS 
The stress optic law, which relates the optical properties of the 
material to its stress state, is given by 
(E.73) 
where -rM is the maximum for plane shear stress, f 0 the material 
fringe value, n the thickness of the roodel and N the order of the 
fringe in consideration. 
It is known that 
(E.74) 
Combining equations (E.73) and (E.74), we get 
(E.75) 
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The expressions for (ox - oy)/2 and tXY (E._ ) to (E._ ) can 
be substituted into equation (E.81) to obtain an equation connecting 
the series constants, the fringe order, the material fringe value, and 
the polar coordinates r and •. The function 
2 
- Txy 
is denoted by GK and (ox - oy)/2, and tXY are denoted by D and 
T respectively. 
taken at the Kth data point. 
(E.76) 
A combination of least squares and Newton-Raphson techniques is 
applied to this function as follows. 
THE OVERDETERMINISTIC METHOD 
The approach used is that suggested by Sanford and Dally [8]. The 
series constants l'llJSt be determined to make 6K=0. Though 
equation (E.76) can be solved in closed form, the algebra becomes quite 
involved and a simpler numerical method based on the Newton-Raphson 
technique is employed. 
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In the overdeterministic method, the function is evaluated at a 
large number of data points in the stress field. If initial estimates 
are given for the series constants in equation (E.76),GK•O, since the 
initial estimates will usually be in error. To correct the estimates, 
a series of iterative equations based on a Taylor series expansion of 
GK are written as 
where the subscript i refers to the ;th iteration step and ~Ao, 
aA1, etc. are corrections for the previous estimates of Ao, At, 
etc. 
The corrections are determined in order that (GK)(i + 1) and 
thus equation (E.77) gives 
(E.77) 
(E.78) 
The method of least squares involves the determination of the 
series coefficients so that equation (E.76) is fitted to a large number 
of data points in the isochromatic field. 
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Equation (E.78) in the matrix form gives 
G, ~Ao ~ ~ ~ 
Ao A , 
......... 
82 
G2 ~A, ~ ~ ~ ......... 
~ A2 Ao A, B2 
- x 
-
......... 
~Ba ......... 
~ B, ......... 
GN SB 2 ~ ~ ......... ~ Ao A, B2 
where N is the total number of data points considered. The above 
equation can be put in the form of 
G = (a) (~A) { E. 79) 
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where 
G = t;,. A = 
and 
[a] = ~ ~ ~ 
Ao A, ......... B2 
~ ~ ......... ~ 
Ao A, 82 
......... 
. . . . . . . . . 
~ ~ ......... ~ 
Ao A, B2 
5 6 I 
or 
Premultiplying by ar (transposition of a), 
[ap G = [ap [a] [AA] 
( d) = ( c) ( A A) 
where [d] = [a]T G 
and [c] = [ap [a] 
The correction factors are -given by 
(AA)= (c]-1 (d) 
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( E. 80) 
The solution of equation (E.80) gives AA; and AS; (i=0,1,2) 
which are used to correct the initial estimates of Ai and Si; i.e., 
(E.81) 
This procedure fits the function GK(Ai, Bi) to the K data 
points i n the determination. The convergence of the method is rapid 
and usually five to ten iterations are sufficient for obtaining precise 
values. The number of data points used depends upon the fringe pattern 
being analyzed. If several fringes exist at the crack tip, 20 data 
points should be employed with r and • measured from four different 
fringe loops; i.e., two above and two below the crack. 
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The whole iteration process has been set up in a computer program 
written in BASIC. The data points from the isochromatic field are put 
into the computer with the help of a Calcomp 9000 digitizer. The 
HP9845A microprocessor is used for co~uting the series constants 
iteration after iteration. Appendi~ C contains a listing of this 
program. 
It is possible to then check the fit of GK to the input data by 
using the resu~ts for Ao, A1, A2, Bo, B1, B2 in equation 
(E.78) and to plot the analytically determined isochromatic-fringe 
pattern. If the input data are then superposed on this fringe pattern, 
the adequacy of the fit between the solution and the data can be 
determined. 
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TABLE 1 
Orientation, a as a function of Poisson's ratio, v 
Poisson's ratio, v Orientation, a (deg) 
o. 30 -61. 29 61. 29 118. 71 
0. 33 -60.00 60.00 120. 00 
o. 35 -59. 39 59 . . 39 120. 60 
O> 
U1 
I 
PROPERTY 
Poisson's ratio 
Density 
Modulus of Elasticity: 
Static 
Wave propagation 
crack propagation 
Wave speed: 
Raleigh wave 
Pressure wave 
Shear wave 
TABLE 2 
Mechanical Properties 
II 
UNITS llHOMALITE 100114340 STEELI 7075-T6 
ALUMINUM 
v o. 35 0. 30 0. 33 
p (Kg/m3) 1220 7800 2700 
E (MP a) 3860 201,000 70,000 
Es (MP a) 4820 210,000 70,000 
Ew (MP a) 4380 210,000 70,000 
~. 
c (m/s) 1120 3720 3741 
cl' (m/s) 2135 6201 6236 
c1 (m/s) 1219 3217 2788 
2 
TABLE 3 
Properties of Photoelastic Coating (PS-1) 
I POISSON'S, vii MODULUS, E II SENSITIVITY, K II STRAIN LIMIT II f I e 
en # 1<.si MP a # Y. m/fringes 
• en 
0. 36 360 2, 500 0. 15 10 3.906 
z = x + iy =re ie 
z, = x + i A., y =p, e i <t> 1 
A. , = ./ 1- ( c I c, )~ 
A2.,. ./I - ( c i C2 ) 2 
Figure . 1. · Coordinate System 
y 
• 
..... --rcose 
z 
r sine 
x 
Figure -2 Relationship of the Radii of Complex Variables of the 
Stress Functions 
67 
y 
Fig.3 Coordinate system G and L for strain 
xGyG xLyL 
gage analyses. 
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